The spectacular evolutionary radiation of hummingbirds (Trochilidae) has served as a model system for many biological studies. To begin to provide a historical context for these investigations, we generated a complete matrix of DNA hybridization distances among 26 hummingbirds and an outgroup swift (Chaeturu pelagica) to determine the principal hummingbird lineages. FITCH topologies estimated from symmetrized AT,H-C values and subjected to various validation methods (bootstrapping, weighted jackknifing, branch length significance) indicated a fundamental split between hermit (Eutoxeres uquilu, Threnetes ruckeri; Phaethornithinae) and nonhermit (Trochilinae) hummingbirds, and provided strong support for six principal nonhermit clades with the following branching order: (1) analyses on a matrix of unsymmetrized A values gave similar support for these relationships except that the branching order of the two Andean clades (2, 3 above) was unresolved. In general, subsidiary relationships were consistent and well supported by both matrices, sometimes revealing surprising associations between forms that differ dramatically in plumage and bill morphology. Our results also reveal some basic aspects of hummingbird ecologic and morphologic evolution. For example, most of the diverse endemic Andean assemblage apparently comprises two genetically divergent clades, whereas the majority of North American hummingbirds belong a single third clade. Genetic distances separating some morphologically distinct genera (Oreotrochilus, Agluiocercus, Lesbiu; Myrtis, Acestruru, Philodice) were no greater than among congeneric (Coeligenu) species, indicating that, in hummingbirds, morphological divergence does not necessarily reflect level of genetic divergence.
Introduction

Hummingbirds
(family Trochilidae) have undergone one of the most remarkable evolutionary radiations among birds. The allocation of more than 330 species into over 100 genera (Morony, Bock, and Farrand 1975) reflects a surprising morphological and physiological diversity modeled on the family's characteristic adaptations for nectar-feeding.
Indeed, these varied attributes have enabled hummingbirds to occupy virtually every vegetated habitat in the New World, from humid tropical forest and arid deserts to the highest alpine zones (BleiWeiss 1991) . Perhaps more than any other avian group of comparable extent, a considerable amount of information has been amassed about hummingbird diversity because of the relative ease with which their behaviors, ecologies, and energetic requirements can be quantified (Feinsinger and Colwell 197 8) .
these birds (Cohn 1968) . Early hummingbird classifications drew attention to the fundamental distinction between so-called hermit and nonhermit hummingbirds, which were recognized as the subfamilies Phaethornithinae and Trochilinae, respectively (Gould 1861; Ridgway 1911) . Although hermits and nonhermits originally were distinguished by superficial differences in plumage and trophic characters, several recent anatomical and molecular studies have supported monophyly of these two groups (Zusi and Bentz 1982; Gill and Gerwin 1989; Sibley and Ahlquist 1990; Bleiweiss 1991; BleiWeiss, Kirsch, and Matheus 1994) . Other than this one feature of the family's phylogeny, however, broad relationships among hummingbirds remain poorly known. Indeed, hummingbird classifications still are based largely on 19th century studies, and with few exceptions (Zusi and Bentz 1982; Sibley and Ahlquist 1990; BleiWeiss, Kirsch, and Lapointe 1994; Bleiweiss, Kirsch, and Matheus 1994) , modern systematic treatments have focused mostly on species-level questions or on circumscribed genera (Stiles 1983; Bleiweiss 1985 Bleiweiss , 1988a Bleiweiss , 1988b Bleiweiss , 1992a Bleiweiss , 1992b Graves 1986; Schuchmann 1987; Gerwin and Zink 1989; Gill and Gerwin 1989; Escalante-Pliego and Peterson 1992) .
Our earlier DNA hybridization study comparing eight tropical hummingbirds (Bleiweiss, Kirsch, and Matheus 1994) addressed the question of monophyly for the two traditional subfamilies. Here we apply the same technique to a much broader set of comparisons with the aim of identifying the principal lineages among the diverse nonhermits. This putative group of over 300 recognized species contains the bulk of the family's taxonomic and morphologic diversity and is much more widespread geographically than the largely tropical hermits (Bleiweiss 1991) . One of our objectives was to reexamine the deepest structure of the phylogeny, because our limited earlier comparisons did not rule out the possibility that some lineage or lineages diverged prior to the split between hermits and their sister group. In particular, Ridgway (19 11) recognized a third subfamily, Lophornithinae, composed of highly ornamented diminutive forms, the so-called coquettes, which we had not examined. More generally, we sought to expand coverage of ecological diversity by including representatives from throughout the family's geographic range. Finally, the broader sampling of taxa would presumably illuminate the complicated taxonomy of hummingbird genera, of which over half are monotypic (Morony, Bock, and Farrand 1975) . Many of these taxa are based on distinctive plumage features that are suspect indicators of either level of genetic divergence or cladistic relationship (Banks and Johnson 1961; Mayr and Short 1970) .
To provide this broad overview, we were motivated to undertake the largest complete matrix ever attempted with DNA hybridization.
Our study confirms that the deepest split among hummingbirds distinguishes hermits and nonhermits, provides strong support for six principal and many subsidiary clades of nonhermits, and thus provides the first well-supported molecular phylogenetic framework for the family.
Materials and Methods
Selection of Taxa
The taxonomic scope of any DNA hybridization study is limited in practice, because cladistic relationships can be reliably distinguished from rate variation only by a complete set of reciprocal distances, whose number increases with the square of the number of taxa (Barrowclough 1992; Lapointe and Kirsch 1995) . The taxa we chose to compare encompassed major groups suggested by several earlier studies: (1) the standard linear arrangement for hummingbirds (exemplified by Peters 1945; Monroe and Sibley 1993) , which incorporates the results of many early studies of hummingbird systematics (Gould 1861; Elliot 1879; Boucard 1895; Hartert 1900; Ridgway 1911; Simon 1921) ; (2) the recent anatomical work of Zusi and Bentz (1982) that distinguished four groups of hummingbirds based on differences in the wing muscle tensor propatagialis pars brevis (TPB); (3) the more limited DNA hybridization studies of Sibley and Ahlquist (1990) and Bleiweiss, Kirsch, and Matheus (1994) , which provide the only other published molecular studies of higher-level relationships among nonhermits.
Together, our comparisons include approximately 25% of recognized genera, which themselves subsume almost 45% of known species (table 1) .
Given the absence of any other detailed guide to broad relationships among hummingbirds, the standard linear sequence provides the only available introduction to the species in our study (table 1). In addition to two hermits (Eutoxeres aquila and Threnetes ruckeri), we selected several taxa that immediately follow hermits and which are considered primitive among nonhermits, including two whose dull-colored plumages resemble those of hermits (Androdon aequatorialis and Doryfera Zudovicae) as well as four iridescent forms (Eulampis holosericeus, Colibri coruscans, Orthorhyncus cristatus and Campylopterus villaviscencio) .
Of the three genera Ridgway (1911) included in his Lophornithinae, we obtained sufficient tissues from the thorntail Popelairia conversii. From the host of emeralds and their presumed relatives, we selected typical green-colored forms (Amazilia tzacatl and Chlorostilbon mellisugus) and the distinctive woodnymphs (Thalurania colombica) listed near them. We included two sorts of taxa from the exceptionally rich Andean communities: representatives from some of the most polytypic genera (Oreotrochilus chimborazo, Eriocnemis luciani, Heliodoxa jacula, and Coeligena spp.) and from distinctive long-tailed genera (Aglaiocercus coelestis and Lesbia victoriae) of uncertain relationship.
We also included both large-bodied taxa that breed north of Mexico (Lampornis clemenciae and Eugenes fulgens). Among taxa listed near the end of the standard sequence, we included Heliothryx barroti, because it shares the type II condition of TPB with some of the presumed primitive taxa, as well as four genera from among the tiny bee-like forms that conclude the sequence.
The bees we compared encompassed forms with both the taxonomically widespread type III and the more restricted type IV condition of TPB (table  l) , and ones found in North (Archilochus colubris), Central (Philodice mitchellii) and South (Myrtis fanny and Acestrura mulsant) America.
Based on evidence for their sister relationship to nonhermits, hermits provide one potential outgroup for rooting the nonhermit tree (Sibley and Ahlquist 1990; Bleiweiss, Kirsch, and Lapointe, 1994; Bleiweiss, Kirsch, and Matheus 1994) . However, as stated above, the limited nature of these earlier comparisons allows for the possibility that some currently recognized nonhermits are actually basal to the hermits (e.g., the possible subfamily status of Ridgway's Lophornithinae). Broader studies comparing additional nonhumingbird taxa have identified swifts as the sister group to hummingbirds, the two clades comprising the monophyletic Apodiformes (Sibley and Ahlquist 1990; Bleiweiss, Kirsch, and Lapointe 1994) . Hence, swifts provide an unambiguous outgroup for rooting any hummingbird phylogeny. Inclusion of both hermits and swifts has the additional advantage that simulation studies indicate that multiple outgroups improve accurate placement of the root, especially if several representatives of the nearest outgroup are included (Smith 1994) . Thus, we included representatives from the two most divergent hermit genera (Eutoxeres aquila and Threnetes ruckeri) and the typical swift Chaetura pelagica (family Apodidae). Unfortunately, swifts and hummingbirds are themselves distant relatives (Sibley and Ahlquist 1990; Bleiweiss, Kirsch, and Lapointe 1994) such that no other taxa exist to subdivide the long branch between them; additional NOTE.-Taxa are listed by their order in the taxonomic list of Monroe and Sibley (1993) . Number of congeners and condition of tensor propatagialis pars brevis (TPB) described by Zusi and Bentz (1982) also indicated.
a Sometimes placed in the monotypic genus Sericotes (American Ornithologists' Union 1983).
b Sometimes placed in the genus Discosuru (American Ornithologists' Union 1983).
c Includes previously recognized monotypic genus Polyplancta (Gerwin and Zink 1989) . d Sometimes considered a subspecies of Oreotrochilus estella. e Coeligena orina doubtfully a distinct species within genus (Bleiweiss 1988~) . f Not applicable.
swifts would only subdivide the long intervening branch near the tip. Thus, some limits on outgroup design are imposed by which apodiform lineages have survived.
Sample Preparation
All tissue samples were collected by Bleiweiss with collaborators on field trips to Wisconsin and Arizona in the United States, the British Virgin Islands in the Caribbean, and Ecuador on the South American mainland (appendix 1; see Acknowledgments).
Methods for field preservation and laboratory extraction of DNA followed those outlined in Bleiweiss, Kirsch, and Matheus (1994) with the following modifications. Single-copy tracers were prepared by boiling and then incubating 400 pg of DNA at 60°C in 0.48 phosphate buffer to C,t 400 (Equivalent C,t 2260), after which the sample was diluted to 0.12 M and subsequently eluted over 1.0~ml hydroxyapatite (HAP). Hybrids were fabricated in 1.0 ml snap-cap vials by adding 0.05 p,g of 1251-labeled tracer DNA to 25 pg of driver DNA diluted in 0.48 M phosphate buffer to a standard concentration (3.0 pg/Fl) and volume (8.3 ~1). All 75 hybrids for a given label were placed in three sets of floating plastic boats and boiled simultaneously for 8 min. Hybrids were immediately incubated at 60°C to an EC,t of approximately 24,000 and then quick-frozen.
Prior to loading, each hybrid was diluted to 0.12 M phosphate buffer by adding 325 ~1 of 0.11 M phosphate buffer, mixed briefly with a vortexer, and pipetted onto a column of 0.5 ml of HAP Fractionation began with two room-temperature washes to remove unhybridizable DNA and free iodine, followed by 23 fractionations obtained by pumping 0.12 M phosphate buffer over 0.5 ml HAP at 2°C increments starting with 8 ml at 52°C and changing to 5 ml for all succeeding washes up to 96°C. Elution fractions were counted within 24 h of collection.
Experimental Design
Generation of unbiased genetic distance estimates requires careful attention to experimental design Kirsch 1993a, 1993b) . Several precautions were taken to limit systematic biases, as detailed in BleiWeiss, Kirsch, and Matheus (1994) . In addition, we tailored our experiments to obtain unbiased measures of the median melting temperature (T,). This index is emphasized here because it incorporates information about more sequences (because it is calculated over practically the entire range of elution temperatures) and is better characterized at that level than alternative indices (Sheldon and Bledsoe 1989; Springer, Davidson, and Britten 1992; Bleiweiss and Kirsch 1993b) . As a more inclusive measure of divergence than other indices (e.g., Tmode), it is unsurprising that previous experiments have demonstrated T,'s sensitivity to individual genetic differences (Bleiweiss and Kirsch 1993b) . To obtain the best variance estimates, therefore, each replicate comparison was made with DNA extracted from a different individual. A drawback to this design is that homologous (same species) duplexes that serve as standards for calculating genetic distances melt at slightly lower temperatures on average when the two strands come from a different (allologous) rather than the same (autologous) individual (unpublished data); consequently, branch lengths measured from allologous homologues will be shortened very slightly. Elsewhere, we show that topological relations remain unchanged by inclusion or exclusion of the allologous homologues (unpublished data). The effect on branch lengths can be mitigated to a certain extent through application of corrections for variation in the melting temperature among homologous hybrids, as detailed below. We used allologous homologues so as to obtain better estimates of random variation in homologous melting temperatures, which otherwise would be underestimated by use of multiple preparations from the single extract (Bleiweiss and Kirsch 1993b ) that can be made in practice from most hummingbirds.
Intraspecific hybrid DNAs are useful also because they provide a conservative measure of imprecision in homologous melting temperatures and also serve as an internal control for interspecific comparisons. Therefore, we used one autologous and two allologous homologues for each taxon. We also included congeneric species (two of CoeZigena) to provide some measure of intrageneric divergence for the evaluation of higher-level taxonomy.
As our thermal elution device (TED) for fractionating DNA-DNA hybrids (Kirsch et al. 1990 ) holds only 25 columns, we employed the following design to generate the complete matrix of reciprocal comparisons among 27 taxa. For each labeled taxon, a standard set of 20 species was represented by a different individual on each of three TED runs. Another set of six taxa (Chaetura pelagica, Threnetes ruckeri, Heliothryx barroti, Heliodoxa, Coeligena torquata, and Campylopterus villaviscencio) was represented by different individuals on the first two of these runs and then replaced by three individuals each of an additional two taxa (Myrtis fanny and Philodice mitchellii) on the third run. The complete 27 X 27 matrix with corresponding numbers of replicates per comparison (3 for 22 species, and 2 for 6 species) required 81 runs of the TED.
Indices and Data Transformations
We transformed T, in several steps to obtain the most accurate estimates of genetic distance. To compensate for underestimates of genetic divergence due to hybridizable DNA that failed to form stable hybrids at criterion temperature (percentage of hybridization), we corrected T, for the normalized percentage of hybridization (NPH), which is defined as:
where percentage of hybridization is calculated as the number of counts eluted at and above criterion temperature (56°C in 0.12 M phosphate buffer) over the total number counts (52-96°C under the same conditions). The corrected index, T,,H, was then obtained by normalizing the heteroduplex curve with NPH, as described in Werman, Springer, and Britten (1996) . To avoid the large experimental errors typically associated with NPH Kirsch 1993a, 1993b) , we used the functional relationship between the observed values of T, and TsoH to generate expected values of TsoH from their associated T,'s. Backward elimination of nonsignificant higher-order terms indicated that, for our data, this relationship was best described by a second-order polynomial:
The expected T&I values were then corrected for multiple mutations at single base sites by first converting melting temperatures to measures of percent sequence divergence (Springer, Davidson, and Britten 1992) , and then correcting them for homoplasy with the equation of Jukes and Cantor (1969) . Typically, these transformations are applied to the final matrix of mean A values, which measures the average distance of individual heterologues from the average homologous melting temperature for that label. However, to retain replicate values so that they could be subjected to the randomization and validation tests described below, we deviated from this usual practice and applied corrections to the melting temperature of each hybrid. The mathematical properties of the Jukes-Cantor correction required that each raw melting value first be converted to a A value. To accomplish this, we used the single autologous hybrid as the standard because it is the most accurate measure of the homologous melting temperature. Following transformation, these A values were converted back to the original scale by subtracting them from the untransformed autologous T&3 values (which remained untransformed for the reasons stated above). Thus, the final fully corrected values of T,H-C were obtained by the following equation:
where HOM is the raw TsoH melting temperature of the autologous standard for that taxon, HET is the same for the heterologue, and 1.2 is the empirically determined slope of the relationship between AT, and percent sequence divergence (Springer, Davidson, and Britten 1992) .
Prior to these calculations, we excluded individual hybrids with anomalously low NPHs (<75% for hummingbirds, <55% for swift) that we determined were due to water leaking into the incubating hybrid (see also Sheldon and Winkler 1993) . Even so, such cases amounted to only 23 hybrids, or approximately 1% of the 2,025 experimental hybrids run in the TED. The final matrix of A values was subjected to A. W. Dickerman's program SYMMETRY, which corrects for compression of A values often associated with lower-melting homologous hybrids by the method of Sarich and Cronin (1976; see also Springer and Krajewski 1989; Kirsch 1989, 1991) . The theoretical justification for this procedure is that it improves the metrical properties of the distance matrix by correcting for asymmetries in reciprocal comparisons which otherwise violate the assumptions of distance methods of tree reconstruction. At the same time, symmetrization eliminates a ubiquitous source of systematic experimental error that could be confounded with rate variation. We also analyzed unsymmetrized matrices, and ones in which the percent sequence divergence and homoplasy corrections were applied to the matrix of averaged A values rather than to the individual replicates, thereby allowing us to examine possible effects of the various transformations and the order of their application on the resulting topologies.
Data Analysis
Our complete matrices of unsymmetrized and symmetrized A values permit use of the FITCH routine in Felsenstein's PHYLIP (version 3.5c, 1993 ) to obtain topologies by least-squares criteria without the assumption of rate uniformity, as mandated in the alternative KITSCH routine. The correlation between the standard deviations of replicate measures and distance was nonsignificant (r = 0.177, df = 25, P >> 0.10) for the 26 hummingbirds but increased to marginal nonsignificance (r = 0.425, df = 25, P < 0.10) with inclusion of the swift (see appendix 2). Despite the apparent greater variability of replicate measures in the distant outgroup swift suggested by this difference, we adopted the Cavalli-Sforza and Edwards (1967) unweighted leastsquares method (zero exponent in the denominator of the equation for calculating sum-of-squares) as the most appropriate method for assessment of hummingbird relationships, which was our primary focus. Use of this method also is more conservative in that it necessarily increases the unexplained sum-of-squares by reducing the value of the denominator (to one). A number of validation methods were applied to examine the robustness of the topologies. To test the null hypothesis that matrices lacked structure, we used a modified Mantel test to determine the significance of z scores, z = mean SS randomized matrices -ss observed matrix/SDrandomized matrices SS from the mean sum-of-squares (SS) and their standard deviation (SD) of a distance matrix whose columns had been randomized 100 times while holding the zero diagonals fixed.
We applied Krajewski and Dickerman's (1990) bootstrap method for distance data to determine the effects of within-cell variation in replicate measures on topologic consistency. One thousand pseudoreplicate matrices were generated with A. W. Dickerman's program, BOOTTEMP, which samples with replacement each cell in the original matrix. The resulting pseudoreplicate matrices were each subjected in turn to FITCH with subreplicate and global branch-swapping options enabled, negative branch lengths disallowed, and the in- put order of taxa randomized (using the jumble option). The CONSENSE program in PHYLIP was then used to obtain the consensus among the 1,000 trees, and thus to determine the level of support for each node. We then calculated average pathlengths among each set of 1,000 best-fit topologies using the programs TRANSLATOR and NONSENSUS (written by E J. Lapointe). To determine if branch lengths differed significantly from zero, we first calculated the standard deviation of each branch over the 1,000 trees generated from random pseudomatrices, each constrained by the topology obtained for the corresponding data treatment. We then applied the standardized normal deviate (z) test of Rzhetsky and Nei (1992, 1993) , using the critical value for P < 0.05 as the criterion for rejection of the null hypothesis of zero length.
Finally, the stability of topological relationships to changes in the taxonomic composition of the matrix was tested by the average-consensus procedure for weighted jackknife trees . This algorithm weights the stability of a node by its associated pathlength between the two terminal taxa joined by it, thereby incorporating more information from the distance matrix than do strict-consensus methods (Lanyon 1985) . The program for performing weighted jackknifes (JACKMAT, written by E J. Lapointe) also allows for more exhaustive explorations of the robustness of jackknifed trees through options for specified or random multiple deletions of taxa. In our case, it was impractical to sample an appreciable fraction of the more than 134 X lo6 possible combinations of 4 to 26 taxa by the random (or exhaustive) deletion method. Previous studies have observed ) that sequential deletions of n + 1 taxa eventually produce a stable topology (and one which matches a "global" or all-possible-deletions test), implying that further deletions have no effect, and this strategy was adopted.
Results
Data Characteristics
The data provide an exceptionally large number of comparisons on which to base inferences about hummingbird relationships (appendix 2). The variability of replicate measures of Tm and NPH clearly demonstrate the much higher error associated with the latter index alone or when combined with Tm into the composite TsoH index ( standard deviations for T, and for T&I (table 2) apparently are lower than those reported in most previous DNA hybridization studies (see Krajewski 1989; BleiWeiss and Kirsch 1993b; Sheldon and Winkler 1993; Bleiweiss, Kirsch, and Matheus 1994) , however, indicating that our data are unusually precise even though each within-cell replicate was generated with DNA from a different individual.
Thus, conversion of T, to TsoH by the regression procedure also should provide relatively more precise measures of TsoH and the fully corrected T,H-C. Representative stepwise melting curves made with labeled Agluiocercus coekstis demonstrate overall high levels of discrimination among the many hummingbird taxa ( fig. l) , despite AT,H-C values which are all within OS-12°C (appendix 2). The high NPH among hummingbird hybrids (>85%) contrasts with much lower values for swift-hummingbird hybrids (60%-70%; see also the reduced area subtended by its elution curve in fig. 1 , where the individual elutions have been corrected for percentage of hybridization of the relevant hybrid), reaffirming the distant relationship between hummingbirds and the latter.
Matrix Characteristics
In addition to imprecision in replicate values, inaccuracies of various sorts could distort the distance matrices and topologies estimated from them. For example, applying corrections for percent sequence divergence and homoplasy directly to the replicates might produce results that differ from those obtained when these corrections are applied to average cell values of the matrices themselves.
In the present case the two treatments appear to produce exceptionally similar relationships among A values, as distance matrices based on the different procedures are very highly correlated (table 3) . More directly, even the fitted pathlength matrices for FITCH topologies constructed from corresponding distance matrices are highly correlated with each other (table 3). Thus, the data appear very robust to the order in (Rohlf 1992) . All correlations are highly significant (P < 0.0001) by Mantel test on z scores.
which corrections were applied. The marginally lower correlations between corresponding distance and pathlength matrices nonetheless indicate that the measured distances adhere very closely to the least-squares assumption of additivity inherent in the pathlength matrices. The somewhat higher correlations between distance and pathlength matrices that are symmetrized (table 3) suggest that the matrix asymmetry corrections (of about 2%; appendix 2, table 3) improve additivity somewhat.
The presence of a single long branch to a distant outgroup as in our set of comparisons (the swift Chaeturu pelagica) may bias a Mantel test toward rejection of the null hypothesis of no matrix structure by contributing disproportionately to the value of the z score. To provide a more conservative test, we therefore eliminated the swift prior to randomization of the matrix. Even with this modification, very significant structure is indicated for both unsymmetrized (z = 34.3 1, P < 0.0001) and symmetrized (z = 42.35, P < 0.0001) matrices. Unsurprisingly, symmetrization increases the value of the z score, as this correction reduces random distortions in the matrix due to variation in homologous melting temperatures. Phylogeny FITCH topologies obtained by first correcting the data for percent sequence divergence and homoplasy prior to matrix construction (figs. 2 and 3) are identical to those obtained by correcting the matrix (unpublished data; also found in a previous study by Kirsch, Dickerman, and Reig 1995) . The results based on corrected replicates are discussed here because they allow for application of bootstrap resampling tests. Both unsymmetrized and symmetrized topologies appear to provide exceptionally robust estimates of hummingbird phylogeny and agree on many basic aspects of hummingbird relationships (figs. 2 and 3). In general, support was low only for a few very short internodes in the tree (figs. 2 and 3). Validation tests provide strong support for the majority of branches in both topologies (figs. 2, 3). Only two internodes, both in the unsymmetrized tree, were sensitive to jackknifing (indicated by dotted lines); for both unsymmetrized and symmetrized matrices, the results of performing all 2,925 possible combinations for three deleted taxa were identical to those of performing all 351 combinations for two deleted taxa, and no further deletion sets were examined. Similarly, no more than In all analyses, the swift rooted hummingbirds bethree internodes per tree received low bootstrap support tween the 2 traditional hermit genera (Eutoxeres aquila (defined here as less than 700 out of 1,000 pseudoreand Threnetes ruckeri) and the remaining 24 nonherplicates), and in the unsymmetrized tree these were the mits. No taxon ever joined the tree outside this fundasame internodes that collapsed under jackknifing.
Intermental split. Thus, even among the taxa in our expanded nodes that were not supported by jackknifing and/or comparisons, the traditional hermits and nonhermits rewhich received low bootstrap support typically were main sister groups that define the deepest bifurcation those whose branch lengths were not significantly difamong extant members of the family. This outcome inferent from zero (gray bars).
dicates that the 2 hermits do comprise a near outgroup for rooting the remaining 24 nonhermits, which allows for further testing of ingroup relations when only hermits are used to root the tree. Topologies obtained in this way (i.e., eliminating the swift) are otherwise identical to those for the full suite of 27 taxa (unpublished data).
Within the nonhermits, six principal groups were supported strongly by all analyses. To facilitate discussion, we name each of them after a characteristic mem- and a sister relationship between these two and the emerald assemblage. Unsymmetrized and symmetrized data differ in their placement of the two principal Andean clades (2 and 3 above), which depends on alternate arrangements around a short internode.
For unsymmetrized data, the internode is 0.0198"C and places coquettes and their allies (3 above) outside the sister-pairing of the second Andean clade plus the emeralds-mountain-gems-bee lineage ( fig. 2 ). However, this arrangement fails the branch length test of nonzero length, and receives only moderate bootstrap support (68%). For symmetrized data, by contrast, the pivotal internode is 0.0728"C and all three validation tests provide strong support for placement of the polytypic Andean clade (2 above) outside the other principal Andean lineage ( fig. 3) .
Our data also provide strong support for most associations within these principal nonhermit lineages. Kirsch 1993a, 1993b; Lapointe, Kirsch, and Bleiweiss 1994; Bleiweiss, Kirsch, and Shafi 1995; Lapointe and Kirsch 1995) , the novel feature of the present study is one of scale. Both the size of our complete matrix and that of the group analyzed are substantially larger than those usually tackled with DNA hybridization.
Thus, we focus on technical issues that likely relate to matrix size, including taxonomic sampling bias, level of replication, and topologic stability.
The issue of taxonomic sampling bias is important for DNA hybridization studies of large evolutionary radiations because of the method's practical limitations on the number of taxa for which one can obtain a full suite of reciprocal comparisons.
Although our complete matrix is the largest ever generated, our comparisons represent only a fraction of hummingbird diversity, possibly creating taxonomic sampling biases that affect topology construction (Smith 1994; Swofford et al. 1996) . Such biases are difficult to detect in practice because they can nevertheless produce topologies that receive strong support from validation methods (Philippe and Douzery 1994; Ada&i and Hasegawa 1996) . We believe that our phylogeny will prove robust to additional comparisons because it appears to avoid many known sources of such inaccuracies.
For example, sparse sampling in which genetically distinct clades are represented by one taxon may produce topological artifacts due to the propensity of the divergent singletons to associate because of homoplastic similarities resulting from saturation of base substitutions. This is unlikely to be a problem for our matrix for several reasons. First, all ingroup taxa are within the range of distances over which percent sequence divergence is approximately linear with time (12°C; Springer, Davidson, and Britten 1992) . Second, although distances to the outgroup are much greater (33.0°C), our conversion of T, to T,H-C should further reduce compression of outgroup distances due to homoplasy. Finally, it appears that the taxa we compared provided us with multiple representatives from major hummingbird clades. The ultimate effect of these selections is that any potentially long branch is subdivided by the multiple representatives of that clade. Admittedly, we often were forced to adopt a typological approach to genera in order to broaden coverage. We note, however, that the actual genetic distances that separate sister genera vary widely within the phylogeny.
In particular, many recognized genera (see figs. 2 and 3) are no more divergent than congeneric species (Coeligena). Therefore, our choices actually define a continuum of genetic divergences and do not simply reflect artifacts based on a preconceived taxonomic classification. Several empirical tests of the stability of DNA hybridization topologies to taxonomic sampling are provided by the present study. For reasons related to those given above, it has been observed previously that inclusion of either distant or near outgroups may distort ingroup topologies, especially when short internodes occur among ingroup taxa (Marshall 1991; Kirsch, Lapointe, and Foeste 1995) . Although all these conditions obtain for our phylogeny, we recovered exactly the same branching arrangements when the most distant outgroup, the swift, was removed (unpublished data). Moreover, the present study duplicates the exact same relationships among a subset of seven taxa common to our earlier comparisons among nine apodiformes (Bleiweiss, Kirsch, and Matheus 1994) : the distant outgroup swift (Chaeturu pelagica), two of the four hermits (Eutoxeres aquilu and Threnetes ruckeri), and four nonhermits (Androdon aequatorialis, Colibri coruscans, Doryfera ludovicae, and Coeligena torquata). This comparison is not a fully independent test because the present study drew from the same set of extracts/individuals for five of the species (all except Chaetura pelagica and Colibri coruscans) used in our earlier study. However, we have shown previously that variance contributions by individuals and extracts are significantly less than those contributions by different tracer preparations (Bleiweiss and Kirsch 1993b) , which were redone for the present study. Again, this subset of relationships does not change with exclusion of the outgroup swift (unpublished data). To provide an even more severe test of taxonomic sampling bias, we also examined the consequences of reducing the 27 X 27 matrix to those seven taxa held in common with our earlier study (Bleiweiss, Kirsch, and Matheus 1994) . This pruning should exacerbate instability caused by the presence of divergent singletons, because the remaining hermits in the 7 X 7 matrix comprise single representatives of the two most divergent clades in that putative group; and the remaining nonhermits represent only two of the six principal lineages. Despite this severe reduction, both unsymmetrized and symmetrized topologies agree with the results for the 9 X 9 and 27 X 27 matrices except in that Eutoxeres forms the sister group to the nonhermits in the unsymmetrized FITCH tree ( fig. 4) . However, this discrepancy depends on a short internode that receives low bootstrap support and collapses under jackknifing. Coincidentally, the internode that determines placement of the two hermits fails the branch-length test for topologies based on either symmetrized or unsymmetrized data (see fig. 4 ). This poor resolution at the base of the 7 X 7 matrix suggests that our earlier comparison among nine taxa comprising one swift, four hermits, and four nonherrnits was almost the minimum sample needed to address the hermit-nonhermit division. In any case, the results with the 7 X 7 matrix are consistent with those of both the 9 X 9 and the 27 X 27 matrices, which in turn agree on all aspects of branching among shared taxa.
We view the general consistency of these analyses as remarkable given the almost four-fold range of matrix sizes. Inconsistent results may obtain, but only under the combined effects of sparse sampling, marked rate variation, and matrix characteristics that do not conform to the symmetry properties expected of distance data.
Thus, DNA hybridization phylogenies of taxonomically rich clades, and/or those that have no near relatives, need not give misleading results and are repeatable. This gives us confidence that the framework for hummingbird phylogeny provided by the present study will continue to hold up even for a broader suite of comparisons than the ones presented here. Moreover, evidence for the instability of analyses on unsymmetrized data is helpful in the present case also for interpreting discrepancies between topologies based on unsymmetrized and symmetrized data for the 27 X 27 matrix (see below).
All DNA hybridization studies also must consider potential inaccuracies and imprecisions in replicate measures. Although the three replicates per taxon that we employed in this study are fewer than those used in most recent studies, two factors give us confidence in the support our data provide even for short internodes in the tree. First, the tablewide average within-cell standard deviation for T, in our matrices is low relative to that observed in most other such studies (Bleiweiss and Kirsch 1993b; Sheldon and Winkler 1993; Bleiweiss, Kirsch, and Matheus 1994) , suggesting that we achieved high precision because the chances of obtaining such nearly identical measurements seem slim if the parametric variance was greater. This high precision obtains even in the face of a sampling scheme designed to obtain robust variance estimates. Second, the sheer size of our complete matrix increases the actual number of replicate distances measured through internal nodes. Thus, although any particular one-way comparison provides only three replicates, support for any given node is based on all of the pairwise comparisons that pass through it, which increase as the square of the number of taxa. Finally, our data are highly additive and, therefore, conform to one special assumption of least-squares tree-building algorithms. Despite these characteristics of our data, we note several areas of uncertainty in our phylogeny. The first and most crucial for understanding hummingbird phylogeny is the short internode that determines the pattern of branching among the three principal derived nonhermit clades: the two Andean lineages and the emeralds plus bees. The behavior of this internode highlights the importance of subjecting data to multiple treatments and validation tests because different arrangements are obtained for symmetrized and unsymmetrized data, which themselves receive unequal support from different validation tests. There are three possible interpretations of our results. One is to consider the extreme shortness of the internode, and its near-zero length in the tree based on unsymmetrized data, as a biological reality. That is, that the divergence between these three clades approximates a star pattern of divergence. A more conservative interpretation is that we simply failed to resolve this exceptionally short internode. Potentially, the sheer number of reciprocal distances running through this deep node could lend high support to alternative arrangements despite inaccuracies in the data. This phenomenon may be in evidence even for the terminal node that associates the long-tailed Andean taxa, where bootstrap support also differs considerably between unsymmetrized and symmetrized data. Perhaps the most compelling evidence for systematic bias is the fact that these two nodes behave in opposite ways under symmetrization; the internal node receives increased support, while the external node receives decreased support. Alternatively, there are substantial empirical and theoretical reasons to favor the arrangement indicated by analyses on symmetrized data. Most obviously, only the symmetrized topology passes all three validation tests, whereas the unsymmetrized topology fails the branch-length test (it has statistically zero length) and receives low bootstrap support (approximately 68% compared to over 96% for the symmetrized arrangement of the Andean clades). This difference is in fact to be expected because symmetrization reduces inconsistencies in the matrix and, in this case, also appears to lengthen the branches. These properties are reflected in the generally higher support for relationships over the entire topology based on symmetrized as compared to unsymmetrized data. Indeed, as discussed above, symmetrized and unsyrnmetrized topologies for the reduced 7 X 7 matrix behave in entirely parallel ways. In that case, ample ancillary evidence also favors the arrangement based on symmetrized data. Finally, there is also the theoretical consideration that symmetrization modifies relationships among distances so that they more closely adhere to the additivity assumption of leastsquares tree-building algorithms. For all of these reasons, therefore, we propose that the placement of the Eriocnemis luciani-Heliodoxa jacula-Coeligena spp. clade basal to coquettes and their allies is likely to prove correct.
The other areas of irresolution or weak validation involve a few terrninal associations (Chlorostilbon mellisugus within emeralds, Myrtis fanny within bees). These problematic branches are perhaps easier to understand as the simple consequence of too few replicates. Unlike for deeper nodes in the tree, support for these associations is influenced much more by the few replicates for each taxon. Hence, we are not surprised that short internodes receive generally weaker support when located near the tips of the tree. Thus, the majority of the phylogeny provides extremely well-supported hypotheses that define subfamilies, the major subgroups of nonhermit hummingbirds, and many relationships within these latter clades.
Principal Hummingbird Clades
The expanded comparisons of this study add considerably to an understanding of cladistic structure within the diverse nonhermits. For the reasons given above, we believe that our framework for the principal lineages will withstand additional comparisons.
Here we discuss in greater detail each of these clades.
Hermits-Nonhermits
Although the swift provides only one outgroup for placement of the root among hummingbirds, our broadened comparisons among the nonhermits lend support to earlier evidence based on allozymes (Gill and Gerwin 1989) , DNA hybridization (Sibley and Ahlquist 1990; Bleiweiss, Kirsch, and Lapointe 1994) , and morphology (Zusi and Bentz 1982) for the traditional distinction between herrnits (Eutoxeres aquila and Threnetes ruckeri) and nonhermits (remaining taxa). These two groups remain the deepest division among extant hummingbirds, and evidence from our more inclusive study makes it less likely that some unsampled extant taxa diverged prior to these two clades. Although the present study includes only two of the five traditionally recognized hermit genera, the studies cited above are inclusive of all five genera. Thus, the hermit/nonhermit dichotomy appears to be consistent with all available evidence. The present study also reaffirms earlier evidence that certain taxa sometimes placed with hermits because of plumage and behavior (Androdon aequatorialis and Doryfera ludovicae) belong among the nonhermits.
Indeed, these two hermit-like forms are even more distant cladistically than they appeared to be in our earlier study, supporting our earlier contention (Bleiweiss, Kirsch, and Matheus 1994) that their similar plumages are parallel or convergent, not only on true hermits but on each other.
Earliest Branch of Nonhermits: Mangoes and Their Relatives
The present study also supports our previous results associating Androdon aequatorialis, Colibri coruscans, and Doryfera ludovicae to the exclusion of Coeligena torquata (Bleiweiss, Kirsch, and Matheus 1994) . However, our earlier comparisons among nonhermits were limited to these four taxa, so we could not determine their relative branching order in the subfamily. Our expanded comparisons not only recover the exact same relations among these four taxa (figs. 2-4), but also amplify the earlier results in several important ways. Most notably, Androdon aequatorialis, Doryfra ludovicae, and Colibri coruscans, along with Eulampis holosericeus and Heliothryx barroti, evidently comprise a monophyletic clade that defines the first branch among nonhermits. In addition, the greater density of taxonomic sampling among members of this clade reveals some surprising sister taxa that differ greatly in bill and plumage form. Thus, Androdon aequatorialis and Heliothryx barroti are paired in all analyses, even though the former has a dull hermit-like plumage and a long bill whereas the latter has striking white and iridescent green plumage and a short, laterally compressed bill. More generally, neither of the dull-colored forms (Doryfera ludovicae and Androdon aequaltorialis), nor those with distinctive iridescent green plumage with purple auricular patches (Heliothryx barroti and Colibri coruscans) are nearest relatives in this assemblage.
On the other hand, all five taxa share bill serrations or "teeth," developed in each to varying degrees (see table 1 in Ornelas 1994). Thus, the extreme elaboration of the feature that gives Androdon its common name, tooth-billed hummingbird, simply reflects a character that is less developed among its relatives (unpublished data).
Andean Clades: Brilliants and Coquettes
The two branches succeeding the mangoes and their relatives include largely Andean-associated forms: the brilliant clade, composed of several highly polytypic genera (Eriocnemis, Heliodoxa, and Coeligena), and the coquette clade, composed of the thorntails (Popelairia conversii) and their high-Andean relatives (Oreotrochilus chimborazo, Lesbia victoriae, and Aglaiocercus coeZestis). The interrelationship of these two lineages depends on a short internode that presents different arrangements depending on whether the data are symmetrized. As summarized above, we believe that the various lines of evidence favoring the arrangement based on symmetrized data are compelling. Thus, we propose that the clade of brilliants and their relatives diverged prior to the coquettes and their allies. Even so, several important insights into relationships among Andean-associated forms are evident irrespective of the exact branching order of these two clades.
One of our more important discoveries pertains to the basic phylogenetic structure of hummingbird assemblages in the Andes, the region where the family attains its highest diversity. Although many Andean species appear to be close relatives, the DNA hybridization evidence suggests that principal Andean groups fall into two genetically very distinct clades separated by an average AT,H-C of over 6°C. Another issue that can be addressed with our results is whether the traditional coquette genera (Popelairia, Lophornis, and Discosura) should be placed in their own subfamily, as suggested by Ridgway (1911) . Superficially, all three of these genera form a compact group of diminutive but highly ornamented forms that Ridgway separated from other hummingbirds based on modifications to the nasal operculum and primaries, and on their unique white to buff rump band. Subfamily status for this putative group could be justified if (any one of) its members were a sister group to hermits or nonhermits, or to all hummingbirds. Although the monophyly of Popelairia with Lophornis and Discosura could not be addressed with available material, our results are inconsistent with subfamily designation because Popelairia conversii is nested within a derived clade of nonhermits.
Indeed, this placement reveals that the peculiar ornaments that might distinguish the traditional coquette genera from other hummingbirds are actually echoed in their Andean relatives. Thus, the thorntails (Popelairia) have long and wiry tail feathers, whereas the typically Andean sylphs (Aglaiocercus) and trainbearers (Lesbia) have long tail streamers.
Given the high taxonomic diversity in Andean hummingbird communities, both of the Andean clades revealed by our analyses are probably indicative of much larger assemblages. This view is supported by the magnitude of genetic separation between subclades within the two lineages. For example, over 3°C distinguishes Popelairia conversii from its high-Andean relatives. One intriguing candidate that may subdivide the branch between these two subclades is the enigmatic monotypic genus Heliactin, another tiny species with head ornaments reminiscent of those of Lophomis, as well as an ample white tail and white underparts similar to those present in Oreotrochilus chimboruzo among Popelairia's high-Andean relatives.
The somewhat shorter distances among genera in the brilliant clade nevertheless indicate considerable separation among these common Andean forms, suggesting that they, too, may be linked by other taxa we did not sample. These interrelationships remain to be determined.
Emeralds and Allies
Typical of the North American trochilofauna are numerous species of emeralds (Amuzilia etc.), tiny beelike forms, and an odd assortment of larger taxa (Lampomis clemenciae, Eugenes fulgens). Our data indicate that all of these comprise a single lineage, suggesting that the majority of North American hummingbirds belong to a monophyletic radiation. Emeralds themselves would qualify as a major radiation within hummingbirds simply by inclusion of the genus Amazilia, which as currently defined comprises upward of 30 species (Monroe and Sibley 1993) . In contrast to the largely South American highland distribution of many Andean genera, members of the emerald clade are more widely distributed across various high-/and low-elevation habitats in both North and South America as well as in the Caribbean (Chlorostilbon and Orthorhyncus).
On the other hand, the traditional emerald genera Amazilia and Chlorostilbon are morphologically homogeneous, comprising numerous medium-sized species with iridescent green plumage and slightly decurved bills of moderate length. Our results serve to further characterize the emerald radiation by revealing the extraordinary variety of forms in this clade. This broader suite of genera includes ones with elaborate head ornaments (Orthorhyncus) or prominent blue or violet markings (Cumpylopterus, Thalurania) . The sister relationship of the diminutive and short-billed Orthorhyncus cristutus and very large and curve-billed Campylopterus villaviscensio is especially remarkable given the morphological uniformity otherwise found among traditional emerald genera.
While our data place such characteristic emerald genera as Chlorostilbon and Amazilia in the same larger clade, they also indicate that typical green-colored taxa are not monophyletic within this larger assemblage. All bootstrap and jackknife analyses support a sister relationship between the green and rufous Amazilia tzacatl and green and violet Thalurania colombica to the exclusion of the green-colored Chlorostilbon mellisugus. Exact placement of Chlorostilbon mellisugus within the emeralds differed for analyses on unsymmetrized and symmetrized data, but its position as the first branch among the five taxa in the clade, as indicated by symmetrized data, was supported strongly by bootstrap and jackknife validation tests. Additional comparisons should serve to clarify Chlorosilbon's placement, which bears directly on the historical significance of green plumage among emeralds and whether it is pleisiomorphic or has evolved multiple times.
Mountain-Gems and Bees
The sister group to emeralds includes two distinct lineages. One is composed of the mountain-gem
Lampornis clemenciae and its sister taxon, the monotypic genus Eugenes fulgens. Unlike most members of the previously described clades, these genera are confined to North America and are the only two large-bodied species that regularly breed north of the Mexican border. The large size in combination with a brilliant violet crown and green gorget of male Eugenes fulgens are reminiscent of some members of the Andean genus HeZiodoxa, which has led some to suggest that Eugenes fulgens might belong in that genus (e.g., Zimmer 1951; Johnsgard 1983, p. 139) . Our results clearly contradict this hypothesis by demonstrating the distant separation of Heliodoxa jacula and Eugenes fulgens. The special association of mountain-gems and Eugenes fulgens is all the more intriguing because these two, in turn, are the sister group to the principal clade of hummingbirds found in the United States, the diminutive bees. Thus, all of the hummingbirds that regularly breed north of Mexico appear to be surprisingly close relatives. Although quite different in size, the association of mountain-gems and bees groups together two clades in which males typically have well-developed iridescent throat patches, or gorgets.
Our data support monophyly for the bees, and they distinguish distinct temperate North American (Archilochus colubris) and tropical (Myrtis fanny, Acestrura m&ant, and Philodice mitchellii) subclades. In addition, the different genera appear to be quite similar at the genetic level, as the distance between even members in the two most distinct clades is less than 2.O"C.
Comparisons
With Other Studies Morphology Zusi and Bentz (1982) divided hummingbirds into four groups based on variation in the wing muscle tensor propatagialis pars brevis (TPB; types I-IV, table 1). The clades identified by our DNA hybridization study correspond to these groupings with the caveat that the type III condition is paraphyletic with respect to type IV (table 1) . This concordance is highlighted by mutual support for specific relationships (e.g., early divergence for Heliothryx barroti, later divergences for Popelairia conversii and Campylopterus villaviscensio) inconsistent with the standard linear arrangement of hummingbirds (table 1) . Additional comparisons will be needed to confirm monophyly of the type IV clade because we examined only Acestruru among the three genera Zusi and Bentz identified with this condition. Given the limited scope of available molecular hypotheses of hummingbird relationships, we note that TPB can serve as a useful guide for selecting appropriate comparisons in future molecular studies. 338 Bleiweiss et al. Sibley and Ahlquist's (1990) explanations for the unexpected agreement may stem from several sources. One is that their two labeled taxa, Coeligena bonapartei and Amazilia tzacatl, are indicated to be members of relatively distal (far from the root) clades in our study. Given limited one-way comparisons, distances measured from proximal (closer to the root) to more distal clades will be less informative than the converse. The reason for this is that comparisons from members of proximal to more distal branches must pass through the node shared by the common ancestor of all taxa in the more distal clade. Thus, differences in distances to these taxa reflect variation only in rate and in experimental error. On the other hand, taxa in the distal clade may join proximal branches at different levels of the tree and, therefore, include more information about cladistic structure.
DNA Hybridization
Of course, any such structure could be swamped by large amounts of experimental error. For T,,H, this error is contributed largely by NPH. This error may have been minimized in Sibley and Ahlquist's study because NPH among even the most divergent hummingbirds exceeds 85%. Thus, TsoH measures approximated closely those obtained with T, or our regressed T,H-C.
Sibley and Ahlquist resolved no structure within those larger groupings from which they did not label taxa. However, our studies differ for some relationships within the clades of the labeled taxa. Whereas we found that Amazilia and Thalurania were sister taxa exclusive of Chlorostilbon, Sibley and Ahlquist's phenogram indicates monophyly for the two traditional emerald genera, Chlorostilbon and Amazilia, with ThalUrania as an earlier branch. Coincidentally, these relationships depend on short internodes, some of which were unstable in our study, e.g., placement
of Chlorostilbon. For the reasons mentioned earlier, a larger number of replicates (lacking in both our and Sibley and Ahlquist's studies) would presumably aid in resolving these closely spaced and near-terminal branches.
Taxonomy
Generic Classijication
Numerous hummingbird genera are based on bill and plumage characters that are used also to distinguish different hummingbird species (Elliot 1879; Boucard 1895; Taylor 1909; Ridgway 1911) . Thus, it has long been suspected that the many hummingbird genera (Morony, Bock, and Farrand 1975) do not reflect underlying levels of genetic divergence or cladistic relationship (Mayr and Short 1970) . In fact, our distance data identify several monophyletic clades whose constituent genera are no more divergent genetically than are the congeneric Coeligena species: the trio of high Andean taxa (Oreotrochilus chimborazo, Aglaiocercus coelestis, and Lesbia victoriae) that form the sister group to the thorntails, and the clade of tropical bees (Myrtis fanny, Acestrura mulsant, and Philodice mitchellii). Our data could serve as justification for lumping such genera into more inclusive monophyletic taxa. On the other hand, genetic divergence between some monotypic genera (Orthorhyncus and Eugenes) and their respective sister groups is quite large, arguing that these genera should be retained pending evidence to the contrary. Thus, while many nonhermit genera are poorly differentiated at the genetic level, judgments as to generic taxonomy will have to be made on a caseby-case basis. Presumably, decisions about generic taxonomy may become ambiguous when a greater density of comparisons is available, as a complete gradation of genetic distances and degrees of morphological divergences may be found to exist.
Linear Sequence
Linear classifications
typically place what are considered the most primitive taxa at the head of the list and then proceed through more derived groups. In cladistic terms, this usually amounts to beginning with the basal taxa and proceeding with successive branches in a largely pectinate tree. Although we do not here propose any formal taxonomic changes, the following relationships implied by our phylogeny could serve as the basis for revisions to the traditional linear ordering of hummingbird taxa (Peters 1945; Monroe and Sibley 1993 ; compare with table 1). All members of the mango clade should be placed at the beginning of the nonhermit sequence. As a deeper branch within this group, 1 Mean melting temperature followed by standard deviation/number of replicates. Scalar correction for percent nonreciprocity indicated at the bottom of each corresponding column. Actual melting temperatures of homologous hybrids indicated along the diagonal. The two-degree range of mean homologous melting temperatures is typical of DNA hybridization studies. Trochiline taxa are listed in the order in which their labels were run in the TED.
b Correlation of standard deviation with distance (df = 25): without swift, r = 0.177 (P > 0.10); with swift, r = 0.425 (P < 0.10) (see text). c First four letters of genus plus first letter of species name. d Initial row/column ratios used to adjust column values for asymmetry.
